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(57) ABSTRACT 

Hydrogels that expand volumetrically in response to a 
change in their environment (e.g., a change in pH or 
temperature) and their methods of manufacture and use. 
Generally, the hydrogels are prepared by forming a liquid 
reaction mixture that contains a) monomer(s) and/or 
polymer(s) at least portion(s) of Which are sensitive to 
environmental changes (e. g., changes in pH or temperature), 
b) a crosslinker and c) a polymerization initiator. If desired, 
a porosigen may be incorporated into the liquid reaction 
mixture to create pores. After the hydrogel is formed, the 
porosigen is removed to create pores in the hydrogel. The 
hydrogel may also be treated to cause it to assume a 
non-expanded volume in Which it remains until a change in 
its environment causes it to expand. These hydrogels may be 
prepared in many forms including pellets, ?laments, and 
particles. Biomedical uses of these hydrogels include appli 
cations Wherein the hydrogel is implanted in the body of a 
patient and an environmental condition at the implantation 
site causes the hydrogel to expand in situ. 

35 Claims, 2 Drawing Sheets 

PREPARE ENVIRONMENTALLY 
SENSITIVE HYDROGEL FROM 

REACTION MIXTURE COMPRISING 
AT LEAST : 

A) AN ENVIRONMENTALLY SENSITIVE 
MONOMER ANDIOR PRE-POLYMER; 

B) A CROSSLINKER ; 
C) A POROSOGEN; AND, 
D) AN INITIATOR 

PRE~CONDITION ENVIRONMENTALLY 
SENSITIVE HYDROGEL TO FIRST 
ENVIRONMENTAL CONDITION 

1, 
INTRODUCE INVIRONMENTALLY 
SENSITIVE HYDROGEL INTO 
IMPLANTATION SITE HAVING 
SECOND ENVIRONMENTAL 
CONDITION THAT CAUSES 
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FIGURE 1 

PREPARE ENVIRONMENTALLY 
SENSITIVE HYDROGEL FROM 

REACTION MIXTURE COMPRISING 
AT LEAST : 

A) AN ENVIRONMENTALLY SENSITIVE 
MONOMER AND/OR PRE-POLYMER; 

B) A CROSSLINKER ; 
c) A POROSOGEN; AND, 
0) AN INITIATOR 

PRE-CONDITION ENVIRONMENTALLY 
SENSITIVE HYDROGEL TO FIRST 
ENVIRONMENTAL CONDITION 

I 
INTRODUCE INVIRONMENTALLY 
SENSITIVE HYDROGEL INTO 
IMPLANTATION SITE HAVING 
SECOND ENVIRONMENTAL 
CONDITION THAT CAUSES 
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FIGURE 2 

PREPARE REACTION MIXTURE CONTAINING MONOMER(S), 
CROSSLINKERIS), POROSOGENIS) AND INITIATOR(S) AND DRAW 

REACTION MIXTURE INTO INJECTOR 

INJECT REACTION MIXTURE ITO TUBE, ALLOW HYDROGEL TO 
SOLIDIFY, CUT TUBE CONTAINING HYDROGEL INTO SEGEMENTS AND 
PLACE TUBE SEGMENTS WI HYODOGEL INTO VACUUM OVEN AT 60°c 

FOR ABOUT 1 HOUR 

i 
REMOVE HYDROGEL SEGMENTS FROM TUBE SEGMENTS AND WASH 

TO REMOVE POROSIGEN(S) AND ANY RESIDUAL MONOMER(S) 

TRIM HYDROGEL SEGMENTS TO FORM PELLETS (E.G., 0.100 
LENGTHS) AND PLACE PELLETS IN SWELL-ARRESTING AGENT (E.G., 
10% EtOH + 30% WATER) 

i 
SKEWER HYDROGEL PELLETS ON WIRE AND DRY AT ABOUT 60°C 
FOR APPROXIMATELY 2 HOURS 

I 

PERFORM ACIDIFICATION TREATMENT (E.G., IMMERSE IN 50% 
HCLI50% WATER FOR ABOUT 1 HOUR FOLLOWED BY 3 BATHS IN 
PURE ISOPROPYL ALCOHOL FOR ABOUT ‘I5 MINUTES EACH) 

{ 

DRY PELLETS (E.G., PLACE IN VACUUM OVEN AT ABOUT 60°c FOR 
APPROXIMATELY 1-2 HOURS) 
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HYDROGELS THAT UNDERGO 
VOLUMETRIC EXPANSION IN RESPONSE 
TO CHANGES IN THEIR ENVIRONMENT 
AND THEIR METHODS OF MANUFACTURE 

AND USE 

FIELD OF THE INVENTION 

The present invention relates generally to certain hydrogel 
compositions, methods of manufacturing such hydrogel 
compositions and methods of using such hydrogel compo 
sitions. More particularly, the present invention relates to 
hydrogels that exhibit controlled rates of expansion in 
response to changes in their environment, the methods by 
Which such hydrogels may be prepared and methods of 
using such hydrogels in biomedical applications (e.g., the 
treatment of aneurysms, ?stulae, arterio-venous 
malformations, and for emboliZation or occlusion of blood 
vessels or other luminal anatomical structures). 

BACKGROUND OF THE INVENTION 

Generally, the term “hydrogel” refers generally to a 
polymeric material that is capable sWelling in Water. The 
sWelling of a hydrogel in Water results from diffusion of 
Water through the glassy polymer causing disentanglement 
of polymer chains and subsequent sWelling of the polymer 
netWork. Typically, hydrogels of the prior art have been 
prepared by the crosslinking of monomers and/or polymers 
by radiation, heat, reduction-oxidation, or nucleophilic 
attack. Examples of the crosslinking of ethylenically unsat 
urated monomers include the preparation of contact lenses 
from 2-hydroxyethyl methacrylate and the preparation of 
absorbent articles from acrylic acid. Examples of crosslink 
ing of polymers include Wound dressings by crosslinking 
aqueous solutions of hydrophilic polymers using ioniZing 
radiation and surgical sealants by crosslinking aqueous 
solutions of hydrophilic polymers modi?ed With ethyleni 
cally unsaturated moieties. 

In or about 1968, Krauch and Sanner described a method 
of polymeriZing monomers around a crystalline matrix and 
subsequently removing the crystaline matrix to produce an 
interconnected porous polymer netWork. Since that time, 
porous hydrogels have been prepared using salt, sucrose, 
and ice crystals as the porosigen. These porous hydrogels of 
the prior art have been used as membranes for affinity 
chromatography and as tissue engineering substrates 
Wherein tissues are intended to ingroW into the porous 
hydrogel netWork. Examples of these porous hydrogels are 
found in US. Pat. No. 6,005,161 (Brekke, et al.) entitled 
Method And Device For Reconstruction of Articular 
Cartilage, US. Pat. No. 5,863,551 (Woerly) entitled 
Implantable Polymer Hydrogel For Therapeutic Uses and 
US. Pat. No. 5,750,585 (Park et al.) entitled Super Absor 
bant Hydrogel Foams. 

The prior art has also included certain hydrogels that 
undergo a volume change in response to external stimuli 
such as changes in the solvent composition, pH, electric 
?eld, ionic strength, and temperature. The hydrogel’s 
response to the various stimuli is due to the judicious 
selection of the monomer units. For example, if temperature 
sensitivity is desired, N-isopropyl acrylamide is frequently 
used. If pH sensitivity is desired, a monomer With an amine 
group or a carboxylic acid is frequently used. Stimuli 
responsive hydrogels have primarily been used as controlled 
drug delivery vehicles. Examples of these stimuli 
responsive hydrogels are found in US. Pat. No. 6,103,865 
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2 
(Bae, et al.) entitled pH-Sensitive Polymer Containing Sul 
fonamide And Its Synthesis Method, US. Pat. No. 5,226, 
902 (Bae et al.) entitled Pulsatile Drug Delivery Device 
Using Stimuli Sensitive Hydrogel and US. Pat. No. 5,415, 
864 (Kopeck, et al.) entitled Colonic-Targeted Oral Drug 
Dosage Forms Based On Crosslinked Hydrogels Containing 
AZobonds And Exhibiting pH-Dependent SWelling. 

Despite these advances in the capabilities of the hydrogel 
material, a hydrogel material that permits cellular ingroWth 
and has controlled rate of expansion optimiZed for delivery 
through a microcatheter or catheter Without the need for a 
non-aqueous solvent or a coating has not been developed. 
Accordingly, there remains a need in the art for the devel 
opment of such a hydrogel useable in various applications, 
including, but not limited to, medical implant applications 
Wherein the hydrogel is used as or in conjunction With 
aneurysms, ?stulae, arterio-venous malformations, and ves 
sel occlusions. 

SUMMARY OF THE INVENTION 

The present invention provides hydrogels that undergo 
controlled volumetric expansion in response to changes in 
their environment, such as changes in pH or temperature 
(i.e., they are “stimulus-expandable”). In one embodiment, 
the hydrogels are suf?ciently porous to permit cellular 
ingroWth. The hydrogels of the present invention are pre 
pared by forming a liquid reaction mixture that contains a) 
monomer(s) and/or polymer(s) at least portion(s) of Which 
are sensitive to environmental changes (e.g., changes in pH 
or temperature), b) a crosslinker and c) a polymeriZation 
initiator. If desired, a porosigen, (e.g., sodium chloride, ice 
crystals, and sucrose) may be incorporated into the liquid 
reaction mixture. Porosity is formed by the subsequent 
removal of the porosigen from the resultant solid hydrogel 
(e.g, by repeated Washing). Typically, a solvent Will also be 
used to dissolve solid monomer(s) and/or polymers. 
HoWever, in cases Where only liquid monomers are used, 
there may be no need for inclusion of a solvent. Generally, 
the controlled rate of expansion of the present invention is 
imparted through the incorporation of ethylenically unsat 
urated monomers With ioniZable functional groups, (eg 
amines, carboxylic acids). For example, if acrylic acid is 
incorporated into the crosslinked netWork, the hydrogel is 
incubated in a loW pH solution to protonate the carboxylic 
acids. After the excess loW pH solution has been rinsed aWay 
and the hydrogel dried, the hydrogel can be introduced 
through a microcatheter ?lled With saline at physiological 
pH or blood. The hydrogel cannot expand until the carboxy 
lic acid groups deprotonate. Conversely, if an amine con 
taining monomer is incorporated into the crosslinked 
netWork, the hydrogel is incubated in a high pH solution to 
deprotonate amines. After the excess high pH solution has 
been rinsed aWay and the hydrogel dried, the hydrogel can 
be introduced through a microcatheter ?lled With saline at 
physiological pH or blood. The hydrogel cannot expand 
until the amine groups protonate. 

Optionally, a stimulus-expandable hydrogel material of 
the present invention may be rendered radiopaque for visu 
aliZation under radiographic imaging. The incorporation of 
radiopaque particles (e.g., tantalum, gold, platinum, etc.) 
into the liquid reaction mixture Would impart radiopacity to 
the entire hydrogel. Alternatively, a radiopaque monomer 
may be incorporated into the liquid reaction mixture to 
impart radiopacity to the entire hydrogel. 

In accordance With this invention, there are provided 
methods for treating various diseases, conditions, 
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malformations, or disorders of human or veterinary patients 
by implanting (e.g. injecting, instilling, implanting surgi 
cally or otherWise, introducing through a cannula, catheter, 
microcatheter, needle or other introduction device or other 
Wise placing) a stimulus-expandable hydrogel material of 
the present invention that occupies a ?rst volume into an 
implantation site Within the body Whereby the conditions 
(e.g., pH, temperature) at the implantation site cause the 
hydrogel to expand to a second volume larger than the ?rst 
volume. Speci?cally, the hydrogels of the present invention 
may be implanted subcutaneously, in a Wound, in a tumor or 
blood vessels that supply blood to the tumor, in an organ, in 
an aberrant blood vessel or vascular structure, in a space 
located betWeen or among tissues or anatomical structures or 

Within a surgically created pocket or space. In this manner, 
the hydrogels that have controllable rates of expansion of the 
present invention are useable for the treatment of aneurysms, 
?stulae, arterio-venous malformations, vessel occlusions, 
and other medical applications. 

Further aspects of this invention Will be come apparent to 
those of skill in the art upon reading of the detailed descrip 
tion of exemplary embodiments set forth herebeloW. 

BRIEF DESCRIPTION OF THE DRAWINGS 

FIG. 1 is a How diagram shoWing the general method by 
Which environmentally-responsive expandable hydrogels of 
the present invention are prepared. 

FIG. 2 is a How diagram shoWing a speci?c method by 
Which pH-responsive expandable hydrogel pellets of the 
present invention may be prepared. 

DETAILED DESCRIPTION OF THE 
INVENTION 

The folloWing detailed description and examples are 
provided for the limited purpose of illustrating exemplary 
embodiments of the invention and not for the purpose of 
exhaustively describing all possible embodiments of the 
invention. 

A. Preferred Method for Preparing pH-responsive 
Expandable Hydrogels from Monomer Solutions 

The folloWing is a description of one method for prepar 
ing pH-responsive expandable hydrogels according to the 
present invention. 
Selection and Addition of the Monomers 

In this embodiment, the monomer solution is comprised 
of ethylenically unsaturated monomers, ethylenically unsat 
urated crosslinker, the porosigen, and the solvent. At least a 
portion, preferably 10%—50% of the monomers, more pref 
erably 10%—30% of the monomers, of the monomers 
selected must be pH sensitive. The preferred pH sensitive 
monomer is acrylic acid. Methacrylic acid and derivatives of 
both acids Will also impart pH sensitivity. Since the 
mechanical properties of hydrogels prepared exclusively 
With these acids are poor, a monomer to provide additional 
mechanical properties should be selected. Apreferred mono 
mer for conferrance of mechanical properties is acrylamide, 
Which may be used in combination With one or more of the 
above-mentioned pH sensitive monomers to impart addi 
tional compressive strength or other mechanical properties. 
Preferred concentrations of the monomers in the solvent 
range from 20% W/W to 30% W/W. 
Selection and Addition of the Crosslinker(s) 

The crosslinker can be any multifunctional ethylenically 
unsaturated compound. N,N‘-methylenebisacrylamide is the 
preferred crosslinker. If biodegradation of the hydrogel 
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4 
material is desired, a biodegradable crosslinker should be 
selected. Preferred concentrations of the crosslinker in the 
solvent are less than 1% W/W, more preferably less than 
0.1% W/W. 
Selection and Addition of the Porosigen(s) 
The porosity of the hydrogel material is imparted due to 

a supersaturated suspension of a porosigen in the monomer 
solution. A porosigen that is not soluble in the monomer 
solution, but is soluble in the Washing solution can also be 
used. Sodium chloride is the preferred porosigen, but potas 
sium chloride, ice, sucrose, and sodium bicarbonate can also 
be used. It is preferred to control the particle siZe of the 
porosigen to less than 25 microns, more preferably less than 
10 microns. The small particle siZes aid the suspension of the 
porosigen in the solvent. Preferred concentrations of the 
porosigen range from 5% W/W to 50% W/W, more preferably 
10% W/W to 20% W/W, in the monomer solution. 
Alternatively, the porosigen can omitted and a non-porous 
hydrogel can be fabricated. 
Selection and Addition of Solvent (if required) 
The solvent, if necessary, is selected based on the solu 

bilities of the monomers, crosslinker, and porosigen. If a 
liquid monomer (e.g. 2-hydroxyethyl methacrylate) is used, 
a solvent is not necessary. A preferred solvent is Water, 
hoWever ethyl alcohol can also be used. Preferred concen 
trations of the solvent range from 20% W/W to 80% W/W, 
more preferably 50% W/W to 80% W/W. 
The crosslink density substantially affects the mechanical 

properties of these hydrogel materials. The crosslink density 
(and hence the mechanical properties) can best be manipu 
lated through changes in the monomer concentration, 
crosslinker concentration, and solvent concentration. 
Selection and Addition of Initiator(s) to Cause Crosslinking 
of the Monomer Solution 
The crosslinking of the monomer can be achieved through 

reduction-oxidation, radiation, and heat. Radiation 
crosslinking of the monomer solution can be achieved With 
ultraviolet light and visible light With suitable initiators or 
ioniZing radiation (e.g. electron beam or gamma ray) With 
out initiators. Apreferred type of crosslinking initiator is one 
that acts via reduction-oxidation. Speci?c examples of such 
red/ox initiators that may be used in this embodiment of the 
invention are ammonium persulfate and N,N,N‘,N‘ 
tetramethylethylenediamine. 
Washing to Remove Porosigen(s) and any Excess Monomer 

After the polymeriZation is complete, the hydrogel is 
Washed With Water, alcohol or other suitable Washing 
solution(s) to remove the porosigen(s), any unreacted, 
residual monomer(s) and any unincorporated oligomers. 
Preferably this is accomplished by initially Washing the 
hydrogel in distilled Water. 
Treatment of the Hydrogel to Control of the Expansion Rate 
of the Hydrogel 
As discussed above, the control of the expansion rate of 

the hydrogel is achieved through the protonation/ 
deprotonation of ioniZable functional groups present on the 
hydrogel netWork. Once the hydrogel has been prepared and 
the excess monomer and porosigen have been Washed aWay, 
the steps to control the rate of expansion can be performed. 

In embodiments Where pH sensitive monomers With car 
boxylic acid groups have been incorporated into the hydro 
gel netWork, the hydrogel is incubated in a loW pH solution. 
The free protons in the solution protonate the carboxylic 
acid groups on the hydrogel netWork. The duration and 
temperature of the incubation and the pH of the solution 
in?uence the amount of control on the expansion rate. 
Generally, the duration and temperature of the incubation are 
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directly proportional to the amount of expansion control, 
While the solution pH is inversely proportional. It has been 
determined by applicant that the Water content of the treating 
solution also affects the expansion control. In this regard, the 
hydrogel is able to expand more in the treating solution and 
it is presumed that an increased number of carboxylic acid 
groups are available for protonation. An optimiZation of 
Water content and pH is required for maximum control on 
the expansion rate. After the incubation is concluded, the 
excess treating solution is Washed aWay and the hydrogel 
material is dried. We have observed that the hydrogel treated 
With the loW pH solution dries doWn to a smaller dimension 
than the untreated hydrogel. This is a desired effect since 
delivery of these hydrogel materials through a microcatheter 
is desired. 

If pH sensitive monomers With amine groups Were incor 
porated into the hydrogel netWork, the hydrogel is incubated 
in a high pH solution. Deprotonation occurs on the amine 
groups of the hydrogel netWork at high pH. The duration and 
temperature of the incubation, and the pH of the solution, 
in?uence the amount of control on the expansion rate. 
Generally, the duration, temperature, and solution pH of the 
incubation are directly proportional to the amount of expan 
sion control. After the incubation is concluded, the excess 
treating solution is Washed aWay and the hydrogel material 
is dried. 

EXAMPLE 1 

Method for Preparing Pellets of pH-Responsive 
Expandable Hydrogel 

The hydrogel materials of this invention may be produced 
and used in various forms and con?gurations, such as sheets, 
Wads, balls, pellets, ?laments, etc. FIG. 2 shoWs a speci?c 
example of a presently preferred procedure that may be used 
to produce a pH-responsive expandable hydrogel of this 
invention in the from of solid pellets. In this procedure, the 
initial reaction mixture containing the ethylenically unsat 
urated monomer(s), ethylenically unsaturated crosslinker(s), 
porosigen(s) and any solvent(s) is mixed in a suitable vessel. 
The initiator(s) is/are then added to the mixture and the 
reaction mixture, While still in liquid form, is further mixed 
and draWn into a syringe or other suitable injector device. A 
tube (e.g., a polyethylene tube having an inner diameter of 
0.015—0.100 inch and preferably 0.025 inch (id) tubing for 
the formation of small pellets useable in cerebral or other 
vascular applications) is attached to the syringe or injector 
device and the reaction mixture is injected into the tube 
Where it polymeriZes. After the hydrogel is fully polymer 
iZed Within the tube, the tube With the hydrogel contained 
therein is then cut into individual pieces of desired length 
(e.g., 2 inch segments). The pieces of hydrogel are then 
removed from the lumen of each segment of the tube and are 
placed in a series of rinsing baths to Wash out the porosigen 
(s) and any residual monomer(s). These rinsing baths may be 
as folloWs: 

Rinse Bath 1 distilled Water at 55° C. for 10 to 12 hours 
Rinse Bath 2 distilled Water at 55° C. for at least 2 hours 
Rinse Bath 3 distilled Water at 55° C. for at least 2 hours 

During exposure to Water in these baths, the hydrogel 
segments may sWell. To arrest the sWelling of these hydrogel 
pellets, they are placed in a sWell-arresting solution that 
displaces at least some of the Water from the hydrogel. This 
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6 
sWell-arresting solution may be alcohol, an alcohol/Water 
solution that contains suf?cient alcohol to control the 
sWelling, acetone, or other suitable non-aqueous dehydrat 
ing agent. In the particular example shoWn in FIG. 2, the 
previously rinsed hydrogel segments are placed in sWell 
arresting bath as folloWs: 

SWell-Arresting Bath . . . 70% Water and 30% ethanol at 

55C. for at least 2 hours 
After removal from the sWell-arresting solution, the cylin 
drical segments of hydrogel may be cut into smaller sections 
(e.g., 0.100 inch length sections). These individual sections 
may then be skeWered onto a platinum coil and/or platinum 
Wire along the ling axis of the cylindrical hydrogel sections. 
After skeWering, the sections are dried at 55C. under 
vacuum for at least 2 hours. The hydrogel sections are then 
subjected to an acidifying treatment, preferably by immers 
ing them in an acidifying solution such as 50% hydrochloric 
acid:50% Water at 37C. for approximately 70 hours. The 
excess acidifying solution is then Washed off. This may be 
accomplished by placing the hydrogel sections in a series of 
baths as folloWs: 

Acidifying Treatment Bath 1 70% isopropyl Alcohol and 30% Water 
for about 5 minutes 
Pure isopropyl alcohol for about 15 
minutes 
Pure isopropyl alcohol for about 15 
minutes 
Pure isopropyl alcohol for about 15 
minutes 

Acidifying Treatment Bath 2 

Acidifying Treatment Bath 3 

Acidifying Treatment Bath 4 

After completion of the acidifying treatment (e.g., after 
removal from the Acidifying Treatment Bath 4) the hydrogel 
segments (i.e., “pellets”) are dried in a vacuum oven at 
approximately 60C. for about 1 to 2 hours. This completes 
the preparation of the pellets. These pellets Will expand 
substantially When they come into contact With a liquid (e. g., 
blood) at physiological pH (i.e., a pH of approximately 7.4). 

The folloWing Examples 2—4 are directed to some of the 
many biomedical applications of the porous hydrogels hav 
ing controlled rates of expansion, as described herein. 
Although these examples are limited to a feW biomedical 
applications Wherein the hydrogels are implanted into the 
body of a human or vetrinary patient, it Will be appreciated 
that the hydrogel materials of the present invention may be 
used for many other medical and non-medical applications 
in addition to the speci?c examples set forth herebeloW. 

EXAMPLE 2 

EmboliZation of Aneurysms 

For the emboliZation of aneurysms, 1.52 g (0.021 moles) 
acrylamide, 0.87 g (0.009 moles) sodium acrylate, 0.005 g 
(0.00003 moles) N,N-methylenebisacrylamide, 7.95 g 
Water, and 4.5 g sodium chloride (<10 micron particle siZe) 
are added to an amber jar. The initiators, 53 microliters of 
N,N,N‘,N‘-tetramethylethylenediamine and 65 microliters of 
20% W/W ammonium persulfate in Water, are added and the 
solution is aspirated into a 3-cc syringe. The solution is then 
injected into 0.025“ ID tubing and alloWed to polymeriZe for 
2 hours. The tubing is cut into 2-inch sections and dried in 
a vacuum oven. The dried hydrogel is removed from the 
tubing using a mandrel. The polymeriZed hydrogel is 
Washed 3 times in distilled Water for 10—12 hours, at least 2 
hours and at least 2 hours, respectively, to remove porosigen, 
any unreacted monomer and any unincorporated monomers. 
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The hydrogel is cut into sections (“pellets”) of approxi 
mately 0.100 inch length and skewered With a platinum 
coil/Wire assembly. These pellets are then dehydrated in 
alcohol and dried under vacuum at approximately 55C. for 
about 2 hours. 

The dried pellets are then placed in 50% hydrochloric 
acid/50% Water and incubated for about 70 hours at 37C. 
After the incubation, the excess hydrochloric acid solution is 
rinsed off of the pellets With consecutive rinses of a) 70% 
isopropyl alcohol:30% Water for about 5 minutes, b) 100% 
isopropyl alcohol for about 15 minutes, c) 100% isopropyl 
for about 15 minutes and d) 100% isopropyl alcohol for 
about 15 minutes. The hydrogel pellets are then dried under 
vacuum at 55C. for at least 2 hours. 

The treated, dried hydrogel pellets prepared using this 
procedure have diameters that are suitable for delivery 
through a 0.014 inch or 0.018 inch (ID) microcatheter that 
is ?lled With saline or blood. The material can be injected 
through the microcatheter with How (e.g., by mixing the 
hydrogel pellets or particles With a liquid carrier and inject 
ing or infusing the liquid carrier/hydrogel mixture through a 
cannula or catheter to the implantation site) With or attached 
to a detachable delivery system (a Wire or tether to Which the 
hydrogel is attached, such Wire or tether being advanceable 
through the lumen of a catheter and into the desired implan 
tation site, Whereat the hydrogel Will typically remain 
attached to the Wire or tether until the operator causes it to 
become detached or until some environment condition at the 
implantation site causes the attachment betWeen the Wire/ 
tether and hydrogel to degrade, breakdoWn or otherWise 
sever). If a detachable delivery system is utiliZed, the 
hydrogel pellets can typically be advanced out of and 
retracted into the microcatheter (repeatedly if necessary) so 
long as the Wire or teather remains attached and for at least 
15 minutes before substantial sWelling of the hydrogel 
occurs. The hydrogel pellets become fully sWollen (to diam 
eters of about 0.035 inch) after approximately one hour at 
physiological pH (about 7.4) 

EXAMPLE 3 

EmboliZation of Arterio-Venous Malformations 

To make material suitable for the emboliZation of arterio 
venous malformations, 1.52 g (0.021 moles) acrylamide, 
0.87 g (0.009 moles) sodium acrylate, 0.005 g (0.00003 
moles) N,N-methylenebisacrylamide, 7.95 g Water, and 4.5 
g sodium chloride (<10 micron particle siZe) are added to an 
amber jar. The initiators, 53 microliters of N,N,N‘,N‘ 
tetramethylethylenediamine and 65 microliters of 20% W/W 
ammonium persulfate in Water, are added and the solution is 
aspirated into a 3-cc syringe. The solution is alloWed to 
polymeriZe inside the syringe for 2 hours. The syringe is 
removed using a raZor blade and the hydrogel is dried in the 
vacuum oven. 

The dried hydrogel is Washed three times in distilled 
Water for 10—12 hours, 2 hours and 2 hours, respectively, to 
remove the porosigen, any unreacted monomer and any 
unincorporated oligomer(s). The hydrogel is then dehy 
drated in ethanol and dried under vacuum at about 55C. for 
approximately 2 hours. The dried hydrogel is the macerated 
into particles of desired siZe, typically 100—900 microns in 
diameter. The dried particles are then incubated in an 
acidi?cation solution of 50% hydrochloric acid:50% Water 
for approximately 22 hours at about 37C. After the 
incubation, the excess hydrochloric acid solution is rinsed 
off of the pellets With consecutive rinses of a) 70% isopropyl 
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8 
alcohol:30% Water for about 5 minutes, b) 100% isopropyl 
alcohol for about 15 minutes, c) 100% isopropyl for about 
15 minutes and d) 100% isopropyl alcohol for about 15 
minutes. The treated hydrogel particles are then dried under 
vacuum at about 55C. for approximately 2 hours. The 
treated, dried hydrogel particles prepared by this procedure 
have diameters that are suitable for emboliZing arterio 
venous malformations, and can be injected through a stan 
dard microcatheter, With ?oW. These hydrogel particles 
become fully sWollen after about 15 minutes at physiologi 
cal pH of about 7.4. 

EXAMPLE 4 

Occlusion of Blood Vessels or Other Luminal 
Anatomical Structures 

To make vessel occlusion plugs, 1.52 g (0.021 moles) 
acrylamide, 0.87 g (0.009 moles) sodium acrylate, 0.005 g 
(0.00003 moles) N,N-methylenebisacrylamide, 7.95 g 
Water, and 4.5 g sodium chloride (<10 micron particle siZe) 
are added to an amber jar. The initiators, 53 microliters of 
N,N,N‘,N‘-tetramethylethylenediamine and 65 microliters of 
20% W/W ammonium persulfate in Water, are added and the 
solution is aspirated into a 3-cc syringe. The solution is then 
injected into various siZes of tubing and alloWed to poly 
meriZe for 2 hours. The various siZes of tubing are required 
to make different siZes of vessel occlusion plugs. For 
example, polymeriZation in 0.025 “ ID tubing results in 
vessel plugs With a diameter of about 0.035 “. Polymerization 
in 0.019“ ID tubing results in vessel plugs With a diameter 
of about 0.026“. The tubing is cut into 2-inch sections and 
dried in a vacuum oven. The dried hydrogel is removed from 
the tubing using a mandrel. The polymeriZed hydrogel is 
Washed three times in distilled Water for about 10—12 hours, 
about 2 hours and about 2 hours, respectively, to remove 
porosigen, any unreacted monomer and any unincorporated 
oligomer(s). The hydrogel is then cut into sections or pellets 
of approximately 0.500 inch in length and skeWered With a 
platinum coil/Ware assembly. These skeWered hydrogel pel 
lets are then dehydrated in ethanol and dried under vacuum 
at about 55C. for about 2 hours. The skeWered, dried pellets 
are then placed in an acidi?cation solution of 50% hydro 
chloric acid:50% Water for about 22 hours and incubated at 
approximately 37C. After the incubation, the excess hydro 
chloric acid solution is rinsed off of the pellets With con 
secutive rinses of a) 70% isopropyl alcohol:30% Water for 
about minutes, b) 100% isopropyl alcohol for about 15 
minutes, c) 100% isopropyl for about 15 minutes and d) 
100% isopropyl alcohol for about 15 minutes. After comple 
tion of these alcohol rinses, the treated hydrogel pellets are 
then dried under vacuum at about 55C. for approximately 2 
hours. 

The treated, dried hydrogel pellets prepared using this 
procedure have a diameter suitable for delivery through a 
0.014 inch or 0.018 inch (ID) microcatheter ?lled With saline 
or blood. The material can be injected through the micro 
catheter with How or delivered through the microcatheter 
attached to a detachable delivery system. If the detachable 
system is utiliZed, the hydrogel material is repositionable in 
and out of the microcatheter for about 5 minutes before 
signi?cant sWelling occurs. The material is fully sWollen in 
about 15 minutes. 

It Will be appreciated that in any embodiment of the 
invention, the hydrogel may further include or incorporate a 
medicament (e.g., drug, biological, gene, gene therapy 
preparation, diagnostic agent, imageable contrast material, 
groWth factor, other biological factor, peptide or other 
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bioactive, therapeutic or diagnostic substance) to cause a 
desired medicament effect (a therapeutic, diagnostic, phar 
macological or other physiological effect) at or near the 
implantation site. Examples of some of the types of medi 
caments that may be incorporated into the hydrogels of this 
invention are described in US. Pat. No. 5,891,192 
(Murayama, et al.), US. Pat. No. 5,958,428 (Bhatnagar) and 
US. Pat. No. 6,187,024 (Block et al.) and in PCT Interna 
tional Publication WO 01/03607 (Slaikeu et al.), the entire 
ties of each such document being expressly incorporated 
herein by reference. 

The invention has been described herein With reference to 
certain examples and embodiments only. No effort has been 
made to exhaustively describe all possible examples and 
embodiments of the invention. Indeed, those of skill in the 
art Will appreciate that various additions, deletions, modi? 
cations and other changes may be made to the above 
described examples and embodiments, Without departing 
from the intended spirit and scope of the invention as recited 
in the folloWing claims. It is intended that all such additions, 
deletions, modi?cations and other changes be included 
Within the scope of the folloWing claims. 
What is claimed is: 
1. Amethod for treating a disease, deformation or disorder 

of a human or veterinary patient by introduction of a 
hydrogel polymer through the lumen of a catheter and into 
an implantation site Within the patient’s body, said method 
comprising the steps of: 

(A) predicting the approximate pH that Will be present at 
the implantation site When the hydrogel is implanted; 

(B) providing a dried, expandable hydrogel that has been 
prepared by a process comprising the steps of, 
(i) combining at least a) an cthylenicallyunsauirated 
monomer or prepolymer having ioniZable functional 
groups, b) a crosslinker and c) a polymeriZation 
initiator, to form a hydrogel polymer; 

(ii) contacting the hydrogel With a treatment solution, 
the pH of said treatment solution and the time and 
temperature of said contact being such that a) func 
tional groups of the hydrogel become protonated and 
b) the resultant protonated hydrogel Will, When sub 
sequently exposed to the pH predicted at the implan 
tation site, undergo deprotonation and expansion at a 
desired rate of expansion; and 

(iii) drying the hydrogel to from a protonated, dried 
hydrogel mass siZed to pass through the catheter 
lumen; 

(C) placing the dried hydrogel mass Within the catheter 
lumen; and, 

(D) positioning the catheter at the implantation site and 
expelling the dried hydrogel mass into the implantation 
site such that the hydrogel polymer becomes exposed to 
the pH present at the implantation site and, if the pH 
present at the implantation site is substantially the same 
as predicted in Step A, the hydrogel deprotonates and 
expands at approximately the desired expansion rate, 
said desired expansion rate being selected such that the 
hydrogel mass Will remain sufficiently small to be 
retracted into the catheter lumen for at least 15 minutes 
folloWing its initial exposure to the approximate pH 
predicted to be present at the implantation site. 

2. A method according to claim 1 Wherein the rate of 
expansion of the hydrogel is further controlled by selecting 
the Water rent solution used in Step B (ii). 

3. Amethod according to claim 1 Wherein the hydrogel is 
rendered radiopaque by the incorporation of radiopaque 
monomers. 
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4. Amethod according to claim 1 Wherein the hydrogel is 

rendered radiopaque by the incorporation of radiopaque 
monomers. 

5. A method according to claim 1 Wherein the pH pre 
dicted in Step A is the physiological pH at the implantation 
site and Wherein the hydrogel expands to its second volume, 
at approximately the desired expansion rate, When the pH of 
its environment is approximately the same as the physiologi 
cal pH at the implantation site. 

6. Amethod according to claim 1 Wherein the hydrogel is 
in the form of pellets When delivered to the implantation site. 

7. Amethod according to claim 1 Wherein the hydrogel is 
in the form of an elongate ?lament or tube When delivered 
to the implantation site. 

8. Amethod according to claim 1 Wherein the hydrogel is 
in the form of particles When delivered to the implantation 
site. 

9. Amethod according to claim 1 Wherein the hydrogel is 
delivered to the implantation site through a catheter. 

10. Amethod according to claim 9 Wherein the catheter is 
a microcatheter. 

11. A method according to claim 10 Wherein the micro 
catheter has a lumen of 0.005—0.050 inch diameter, through 
Which the hydrogel is delivered. 

12. A method according to claim 9 Wherein the hydrogel 
is mixed With a liquid carrier and the liquid carrier/hydrogel 
mixture is then injected through a lumen of the catheter. 

13. A method according to claim 9 Wherein the hydrogel 
is initially attached to a detachable delivery member, the 
delivery member With the attached hydrogel is advanced 
transluminally to the implantation site and, thereafter, the 
hydrogel is detached from the delivery member such that the 
hydrogel remains implanted in the implantation site after the 
delivery member has been WithdraWn and removed. 

14. A method according to claim 1 Wherein the hydrogel 
expands more rapidly as the pH of its environment increases. 

15. A method for preparing an environmentally-sensitive 
hydrogel polymer, said method comprising the steps of: 

(A) selecting a desired expansion rate at Which it is 
desired for the hydrogel to expand from a ?rst volume 
to a second volume; 

(B) predicting an environmental condition With Which the 
hydrogel Will subsequently come into contact; 

(C) forming a reaction mixture that contains at least i) 
monomer and/or prepolymer having iomiZable func 
tional groups, ii) a crosslinker, and iii) an initiator, 

(D) alloWing the monomer and/or prepolymer to become 
crosslinked by the crosslinker to form a hydrogel that 
Will expand When immersed in an aqueous liquid; and, 

(E) treating the hydrogel by contacting the hydrogel With 
a treatment solution Which causes protonation of the 
functional groups for a time and at a temperature 
selected to render the hydrogel sensitive to the envi 
ronmental condition predicted in Step B such that When 
the hydrogel comes into contact With that predicted 
environmental condition the hydrogel Will expand at 
approximately the desired expansion rate selected in 
Step A. 

16. Amethod according to claim 15 Wherein the materials 
combined to form the hydrogel includes an ethylenically 
unsaturated monomer that has an ioniZable functional group. 

17. Amethod according to claim 16 Wherein the ioniZable 
functional group is an amine group. 

18. Amethod according to claim 16 Wherein the ioniZable 
functional group is a carboxylic acid group. 

19. Amethod according to claim 18 Wherein the monomer 
is selects from the group consisting of; acrylic acid, deriva 
tives of acrylic acid, methacrylic acid, derivatives of meth 
acrylic acid and possible combinations thereof. 
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20. A method according to claim 15 wherein the 
crosslinker comprises an ethylenically unsaturated 
crosslinker. 

21. A method according to claim 20 Wherein the 
crosslinker comprises N, N‘-methylenebisacrylamide. 

22. A method according to claim 15 Wherein the 
crosslinker is biodegradable. 

23. A method according to claim 15 Wherein the reaction 
mixture prepared in Step C further comprises a porosigen 
such that the hydrogel formed in Step D has porosigen 
particles dispersed therein and Wherein the method further 
comprises the step of: 

removing to porosigen from the hydrogel to create pores 
in the hydrogel. 

24. A method according to claim 23 Wherein the reaction 
mixture is prepared in a solvent and Wherein the porosigen 
is not soluble in the solvent but is soluble in a Washing 
solution, said Washing solution being used to remove porosi 
gen from the hydrogel. 

25. Amethod according to claim 23 Wherein the porosigen 
is selected from the group consisting of: sodium chloride, 
potassium chloride, ice, sucrose, sodium bicarbonate and 
possible combinations thereof. 

26. A method according to claim 15 Wherein the initiator 
is a reduction/oxidation initiator. 

27. A method according to claim 25 Wherein the 
reduction/oxidation initiator comprises N, N, N‘, 
N‘-tetramethylethylenediamine. 

28. A method according to claim 15 Wherein Step C 
comprises: 
combining acrylamide, sodium acrylate, N,N‘ 

methylenebisacrylamide, sodium chloride and at least 
one initiator selected from the group of; 
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N, N, N‘, N‘-tetramethylethylenediamine; 
amonium persulfate; and, 
combinations thereof. 

29. Amethod according to claim 28 Wherein the hydrogel 
is pH sensitive such that it expands from its ?rst volume to 
its second volume as the pH of its environment increases, 
Wherein Step(E) comprises treating the hydrogel With a 
solution that has a pH loWer that of an environment into 
Which the hydrogel is to be implanted. 

30. A method according to claim 15 Wherein Step(E) 
comprises protonating chemical groups present on the 
hydrogel and Wherein subsequent deprotonation of those 
chemical groups Will cause the hydrogel to expand volu 
metrically. 

31. A method according to claim 15 Wherein Step comprises contacting the hydrogel With an acidic solution 

that causes protonation of the chemical groups. 
32. Amethod according to claim 15 Wherein the monomer 

and/or prepolymer used in Step C is radiopaque, thereby 
resulting in the preparation of a radiopaque hydrogel. 

33. Amethod According to claim 15 Wherein the reaction 
mixture prepared in Step C further comprises a radiopaque 
material, thereby resulting in the preparation of a radiopaque 
hydrogel. 

34. A method according to claim 33 Wherein the radio 
paque material is selected from the group consisting of: 

tantalum, 
gold, 
platinum, and, 
the possible combinations thereof. 
35. A hydrogel prepared by the method of claims 15 or 

any claim dependent directly or indirectly therefrom. 

* * * * * 


